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| ABSTRACT 

The codt of characterizing and monitormng U.S. soverrmnest hazardous waste sites could 
exceed $100 bilhon utilizing traditional methods and technology. New sensor technologies are 
being developed to mect the nation's environmental remediation and complisnce programs. In 
1993, Annstrong Labarstory and Loral Defanse Systems, Eagan {formerty a division of Unisys 
Corporation) signed a Cooperative Research and Development Agreement (CRDA) to 
commecctatize fiber optic laser-induced fluortacence technology thai had been developed with Air 
Force funding at North Dakota State University (NDSU). A consortia consisting of the CRDA. 
partners(USAF and Loral), Dakota. Technologies Inc., and NDSU submitted a proposal to the 
Advanced Research Projecis Agency, Tecanciozy Reinvestment Project and won am award to 
sund the commerciclization. The result, Rapid Optical Screesirg Tool or ROST' is a state-obihe- 
at laser spectroscopy system for anetysis of aromatic hydrocarbor-contaminated soil and 
groundwater. With ROST, environmental investigators are able to find, classify, and map the 
Histibotion of many hazardous chemivels in the fisid instead of waiting for reports to come back 
fom the analytical laboratory. The research and development program leading ta prototype laser 
spectrometers 1% guntnarized along with results from laboratory and field demonstrations 
illustrating system performance and bemofita for site characterization. The technology has recently 
bean demonstrated in Germany, the Netherlands, and several sites in the United Kingdom having 
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light, medium, and heavy aromatic hydrocarbon contamination from fuel spills end refinery of 
Chemical piso operations. 


INTRODUCTION 


The vision of U.S, Department of Defense (DOD), Tri-Service (Air Force, Araty and 
Navy) scientists has become a reality as a partnership between DOD, academia, and private 
industry evolves into a combined technology thet can save milfons of dollars in long-term 
hazartious waste site cleanup Casts. The por has about 20.000 contaminated sites, most of 
vtiich will require further characterization sad many may require monitoring for 20 or more yeees, 
costing millions of dollars per year. Ths cost of site cheracterization and monitoring has 
traditionally been one-third or more of the tatal remediation costs. 

Traditional methods employed ducing environmental site characterizations are time- 
consuming , yet often Jead to insufficient or inadequatt soil and groundwater data. The typical or 
phased approach involves many steps, often widely separated in time, including: mvyestigation 
design, arid layout; geophysics, soil borute: sampling (soil, soll gas, and groundwater); off-site 
analysis, and data evaluation. Due to ihe expense and time involved, sampling programs are 
usually conservative, typically providing the minimum amoumt of data necessary to complete the i 
investigation. The understanding, of hydropeology and contaminant distribution is ofteti poor and 
remediation designs fit Too many times, steps must be repeated untii the cxtent of 
contamimation is satisfactorily defined. 

To address this problem, the Tn-Services integrated laser spectroscopy with a cone 
penetrometer, The combination provides an opportunity to signiscantly expedite the 
characterization process by providing in situ, real-time data of beth petroleum contaminant 
distribution and soil hydrogeology. ‘This technology bas heen field-tested st mumerous sites and is 
new being conmnercially deployed. Ongoing research wil extend sensitrvities, expand capabilies 
to detect other contaminants such 4s sotveats, metals, and explosives, and make system operation 
more user-iriendly for operating tecluuciane. The end result is a tecknoicgy that can smificantly 
reduce the cost of site characterization and monitoraig. 
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BACKGROUND 

The Site Characterization and Analysis Penetrometer System (SCAPS), developed jomtly by 

the Tri-Services, has proven to be an effective technology for characterizmg coutaminazed sites. 
The Tri-Services are cooperating om the development and ioplementation of cone pemetromotars 
and. associated technologies. The Army has provided Icadexship on developing SCAPS: the 
Waterwaye Experiment Station conceived the ides. of combining optical measurements with cone 
senetrometers 16 determine chemical information about the soll A pabent, entitled “Device tox 
Measuting Reflectance and Fluorescence of In Situ Soil," has bees ceased, SCAPS includes the 


truck-mounted cone penetrometer, physical at chemical sensors; environmental samplers; data 
acquisition, analysis, and graphical presentation hardware arid sofware, and probe hele srovting. 
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Figure 1. Cone Penetrometer 
Come Penctrometry 


The typical cone penetrometer ig mounted on 2 20-ton trick and driven to the site requiring 
characterization, (Figure 1). Using the truck as a reaction mass, the penetromecar hydraulically 
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pushes an instruxaented eonical rod into the ground ta be characterized. The cone is pushed info 


the Subsurfice comimously et 4 rate of 2 centmeters per second, Signals from the cone are 
conveyed to the surface through esbles located within the center of the push rods. The siguats are 
processed by a computer located in the cone penetrometer truck: The cone penetrometer may 
characterize several aspects of the subsurface, depending on the types of sensors inteorated into 
the penetrometer. Strain gauges measure the forocs against the tip and sleeve of the cone tool 
allowing Aeternination of suil type; i.c., sand, silt, clay, ote; and stratification Blectrrndes on the 
rod allow measurement of the electrical conductivity of the soil which are indicative of changes in 
soil type or moisture and can often indicate the presence of coutamination. Other sensors provide 
additional hydrogeological and chemical information regarding soil and contamination: 

Soil, scil gas, and groundwater sampling can be performed using the cous peactrometer- 
To collect samples, the instramented cone is removed from the push rods and specially designed 
sampling tools are attached. The sampling devices ane also hydraulically pushed to the desired 
depzh and a sample is collected. The sample is brought to the surface for subsequent analysis tm 
the field or at an offsite laboratory. The cone penetrometer sensors provide information on 
hydrogeology and contamination; the samplers verity it. The real-time ability to receive and 
assess monitoring dala on-sne, without laboratory analysia, is critical. it faclitates decision 
making, during site investigation projects, while ensuring accurate and efficient completion of site — 
investioations and optimized sife remediztion. Cone penetrometer technology cat also fe used to 
provide baseline data for intrinsic bioremediation mrodeling studies, to define excavation lnuts, 
and to moniter the progress of site remediation. Sanopling, monitoring point installation, and many 
other capabilities exist when deploving a cone penctrometer for exvirommentel investigations. 


La: eter § 


One of the key s2nsors deploved for use with the cone penetrometer favulyes the use of 
jaser systems to induce Mucrescence of fuel products as the cona panatrometer arsbe is advanced 
into gos. Laser-Induced Fhsoresvence (LIE) has been shown to be useful m idemtifing 
petroleum contamination such as deisel, gasoline and JP-4 jet fuel The first cone penetrometers 
fielded by the Anny and the Navy made 120 of a fixed frequency sitrogen Inser developed by the 
Navy, but now tunable or muftiple-wavelength laser systems are avaiable. <Armstroig 
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Laboratory 9 Environics Directorate, working with Narth Dakota State University (NDSU}, 
acrkloped a transportable, laser spectrometer system using a Nd YAG (neodymiwraryttrmen 
duerioum gemet) lnser to pump a dye laser The tunable, laser-generated ultravioist light is 
transmitted through optical fibers to the subsurface contaminant. Optical Sbers are also used 
return the resulting fight (Buorescence) for spectroscopic anaivsis. The detection system consists 
of cither a monochromator, photomultiplier tube, and digital osailicecope or 4 pated optral 
multichannel analyzer. A personal computer is used for system control, auifom|ted data 
collestion, and data analysis. The system detects aromatic hydrocarbons sich as benzene, 
rolaenc, exhyibenzene, and xyienc (BTEX), naphthalsoe, aad polyeselic aromatic hydrocatbans 


PO ATICI key Hsorescance. Ht can identify contamination from gasoline, diesel fuel, Met ols, tet fuel, 


vz anes “2 SPSS Oe oa ee =e 


creosote and coal tars, all of which contain aromatic hydrocarbons by their fluorescent spectre. 

| The basic detection approach takes advanraze of the fact that certain substances Suoresce 
when particular wavelengths of ight are absorbed. The transnoriahle laser system 1S nique 
because its OUtpUt may be tuned to select the optimum wavelength to siumulate Fucrescemce of 
the pollutants while minimizing potential interfrences. The resultant spectre! exnission mchiding 
fluorescent fiferime is somewhat like a Sngerprint, useful for idensifying the conmsmnant The 
Buoreseent intensity indicates concentration of the contamingnt This technology provides 


to 


sectiqualitative and semicuantitative information, on site, in minutes. The LIF os canbe. 


correlated to the total petroleum hydrocarbou (TPH) concentration within the soil ussng standard 

or sita specific calibration eucves. The system has been tested in the field with TPH detection 
Gmits as low as parts-per-miliion levels on soil when used with a cone penetrometer and in the 
laboratory at parts-per-billion leveis for naphthalene it water usmg Sber optic probes. 
- | bined Technoloe: 

: 

| The combined cone penctrometer and transportable laser spectrometer hes heen used at a 
variety of sites having aromatic hydrocarbon contamination. Sites characterized inchide fizels (ct, 
gasoline, kerosene, diesel, ete.}, naphthalene, benzene, creosotes end coal tars. The tunable laser 
systems is Optimized for stimulating contaminants and detecting the fnorescence. Laboratory 


fluorescence spectra from fuels suggest that naphthalene ofen produces the maximum 
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fluorescence, consequently, a laser excitatlon wavelength appropnate for naphthalene is 
oon: witlimed ducing field invncetigationa 

| The system is designed to collect data in two different modes: “posh” or “sbatic.” In the 
pach m mode, laser excitation frequency is fixed and LIF signal fs monitored as the cone 
penatromene prove is advanced, acquiring a fluorescence intensity-versus-depth (FVD) profile. 
Operation “1 the ¢tatic mode, or with the probe stopped, allows collechon of Lif 
multidimensional data seta, typicelly the fluorescence emission wavelengta, intensity, and thne of 
decay matrices (WTM). WTMBs have proven to be useful in ideatifying various fuel types. The 
cormescial product of this technology, known ac ROST, is new aveilable for state-of-the-art 


frel-contaminated site characterization services (Fig. 2). 
| no re 
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Technology Transition 


Armstrong Laboratory and Loral Corporation signed a Cooperative Research and 
Development Agreement (CRDA) ia 1993 to commercialize the Air Forcc-developed laser 
spectromster system. A consoctium consisting of the CRDA partners (USAB/Loral}, Deketa 
ae tne., and North Dakota State University submitied a proposal to the Advanced 
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Racearch Projects Agency (ARPA), Technology Reinvestment Project (TRP). In December 
1994, ARPA selected the praposal to recerve a two-year $1,606,000 grant, industry provide In- 
kind contributions and matching funds. 

; The ROST commercislination program has amtomated the collection and mapping of data, 
made equipment components smaller and more rmieped, and developed user-friendly interfaces to 
allow easy use by etivironmental technicians. This maizument is also adaptable for monitoring wet! 
applications. RIOST has potemdal for process contro! and even medical disgernesics. 

! Use of the ROST system should result in substantial savings oi casts associated with 


characterizshon, monitoring, aid remediation of hazardous waste sites. Loral is now Offering eile 


characterization services using the HOST system. 
As a result of this technology transfer, the [TS DOD will benefit from application Z 
technology and knowledge gained: the private sector will receive a highly transferable and 


profi iohie technolagy; and all wilt benefit from a cleaner ervirerament 


RAPID OPTICAL SCREENING TOOL 


ROST employs laser-induced fluorescence spectroscopy for in situ enalysis of petroicum 
bydrowaxbans (Figure 3}. Ultraviolet fight is required to excite the fluorescence of most of the 
aromatic compounds m petroleum hydrocerbans. Pulsed ight in this wavelength region is 
obtained 1 in ROST by frequency doubing the output of a dye laser pumped by a NEW AG laser. 
Bither the 2nd or 3rd harmonic of the Nd:YAG can be used 45 the dye laser pump. The laser 
source and detection system (spectrometer) are located in a cone penetrometer truck. The pulsed 
laser light travels via fiber optic cable to end from an cptice! module located near the cone rod. 
There ahs is direcred through @ sapphire window onto the surface of soil pressing up against the 
window. Aromatic petroleum hydrocarbon molecules present will absorb the excifetion Beit and 
exit fiuorescence at longer wavelengths. ihe wavelength of Eght selected for exctintion is-i1 A 
range that is absorbed by arcmatic petroleum tuirocarbons. A portion af the ercitted 
fuorescence passes hack through the window, is retumed to ihe surface, and imaged through 4 
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morlochromator, The wavclength-dispersed radiation is converted tc a electrical signal by a 
photomuliplier tube gnd the electrical sigmal is analyzed by « dicital oscifloscope and computer. 
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Figure 3. ROST Optical System Concept 


The incomins data are coxtimoutly processed and displayed in FVD profile for the extire cone 
penetrometer push. Tho fluorescence signal from 50 successive laser shots (taking a total tims of 2 
2 seoond) is averaged for each data point acqnired and displayed. Since the cone 1s pushed at 2 | 

centimeters per second, the spatial resolstion of the FVQ data is 2 centimeters. 

| Ip addition to FVD profiles, ROST can differentiate petroleum fuel types. This 
accomplished by acquiring WIMs during a ahort pause (approximately I minute} in the cone 
penetrometer push A WTM is a three-dimensional eraph of fuarescence wavelength, 
fluorescence lifetime (Le., time scale over which the Buorescence signats atv ematted), and 
ftuorescenre intensity. Pctroleum products have a distinctive fluorescence signature which allows 
the Held operator to identify the approximate narure of the contaminam. Emissions in the 260 to 
300 nanometer (nm) range indicate single-nng sromatics like BTEX compounds. Famssions i 
the 300 to 350 nm range indicate two-ring aromatics such 2s ange Lareer polycyclic 
aromatic hydrocarbons fluoresce at waveleneths longer than 350 am. WIMs are especially usefial 
for deternining if mouttinte sources of contamination are present. 
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ROST can detect and characterize hydrocarbons such as gasoline, jet fuel, and diesel fuels 
(Figure 4}. 


| EE 
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Coal Tar Unleaded Gasaline 


Figure 4. Fluorescence Eqission Wavelength-Intensiiy-Licime Matrices (WIMS) 


Benefits 

ROST is extramety useful for soil and groundwater hydrocarbon contamination andtysis 
when used with a cone pencirometer. ROST with variable wavelength (nunable), oulssdtaser 
source means oat the excitation wavelength caz be optimized for the contaminant of mterest. 
[nforroatic sn regarding hydrocarbon type, depth, and distribution ts available on-site at the 
conclusion ofeach push. In addition, geotechnical data are also collected. Typically, the vartical 
hydrocarban profile (FVD) of a 30-foot push can be derarmined in less than 20 mimutes. ROST. 2 
self-contained, ruggedized system, can be permanently or temporamly josiaiied on most NEw oF 


existing cone penctrometer trucks. 
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RESULTS AND DISCUSSION 


: The ROST system has been demonstrated, field tested and integrated into site 
characterization plans at many commercial and government sites (Figure 5). ROST units have 


’ 


performed over 29.000 Hinear feet of field testing over the fast 13 months. 
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Figure 5. ROST Test Locations 


: These technologies are being farther refined, demonstrated, and evalusted within mumerous 
DOD, DOE, and EPA programs. The reauits discussed are from Jaboratory aud field 
demonstrations by the Tri-Service and ROST consortium. Demonstratices were recently 
completed under the following: aJ2PA Superfund Innevative Technolosy Evaluation (SITE) 
Program, b)Uader en environmental Data Exchange Agreement (DE.A) with the German Ministry 
of Defense, on the U.K. under the Building Research Establishment Ageacy program in 
London, Scotland, and Whales, 4)With U.S. EPA/DOD/DOE Consortium for Site 
characterization Technolosy at the National Hydrocarbon Test Site in California, and at 
o)Numeroue other conmmercial and government sites. 

| The purpose of the EPA SITE Program demonstrations is to ¢valusic innovative 
rechmoiogy and report the results. The German DHA provides for enviranmental technology 
pransfar including demonstrations to help bath countries deal effectively with envircnmental 
vroblems, fx London the technology was used to investigate possibie tank leshage at ¢ stat 
petroleum distribution facility. An oil shale site whic has bean turned into 2 galf course Was 
characterized in Scotland with a wide range of contaminants such as coal tar, iamp ou, and 
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detergents. In Whales a BTEX contamination from a chemical manufacturing plant was 
characterized. The testing with the EPA/DOD/DCE Consortium is part of «larger effort to 
validaxe the LIF technology and estabhsh a standard method for itsuse, The Tri-Services 
canciwted a series of laboratory tests regulting, in calibration curves with different fuels on various 
soi matrices. The calibration curve obtained in the laboratery for diese! fuel marine on a pad 
matris: indicates a detection limit lees thar 30 mg/kg (opm). JP4 calibration curves on sand 


showed detection limits af'5 mevks. 
A graphical representation of cata from ane push location! ilfustracing vertical conitariutant 
cee eeon, soil stratigraphy (based on tip resistance and sleeve fiction) and Wavelength-Time 
Mairix (WIM) date collected by the cone penetrometez/ROST system in real-time is shown. 
(Figure 6). Data Logs such as these are produced m the field, saving valuable time normally fost 
to delays wating for analytical data when traditional methods (such aa driliing/soil sampling) are 
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Figure 6. Real-Time Ontput 
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Prior wench push, on aed to end tee ofthe ROST instrument is performed ing 2 santa 


reference check solution, Wilich is contained j ann mirvatte, coll eal that is nresked un against the 


sapplure witkiow. This ensures the instrument is properly set up, operating correctly, and also 
provides e mechanism to pocmalize the resulting Huorescence data so data from smultiple pushes 
of sites cat be quantitatively compared. FVD profiles may be reported in units that relate ty the 
flucrescenee response of the reference check solution or using Isboratory (or field} calbration 
Curves FVD profiles may be reported in mg/kg ‘euivalents. The vertical axis represents depth 
below ground surface. The horizontal! disolacement to the right is fluorescence intensity, oittich is 


directly related to petroleum hydrocarbon concentration. Dara fiom multiple CPT/ROST push 


locations can be integrated using comsron sedtouring programs to gain a view of the overall 
distribution of petroleum hydrocarbons at the site (igate 7}. 
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Figure 7. Hydrocarbon Plume Based on ROST Pata 
Analytical laboratory results collaborate the characterization of petroteu lnydrOGaIDOLs 
oy ROST. Areas having rélatively high concentrations of petrglem Ivdrocarbons in soi samples 
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correspond to arene where ralativaly high Suorescence intensities are observed. Furthermora. 
areas showing no fluorescence response are found to contam relanvely low concentrations of 
pefrolewn hydrocarbons. Figure & compares fluorescence intensity to the results of laboratery 
onshywis of field samptes for tote! semi-volatile organic compounds by EPA Method 33 té showing 
the relative Hucrescance intensity data is very similar to that of the Laborstcry results. Aa 

excellent correlation wag obtained between ROST and results uzing rota! semivolatile organo 
compound analysis as well as total recoverable petroleum hydrocarbous by HBA Method 415.1 
analysis, Data dom in-sits testing mdicates that at this site, materia! containing more Gran 2 pom 
total semi-volatile organic compounds by Method 5310, is readuy observed by ROST. 
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Figure 8, Fluorescence respouse versus field sample anatytical revatis 


Data secumulated verify that ROST can reliable map subsurfice petroleum contaminsiion in situ, 
in real-time, and in continuous vertical fashion 
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CONCLUSIONS . 


Screening for hazardous waste normally involves dilling of bore boles and monitoring weils. 
The process is sow, expensive, and resulis are often inconclusive. Remedixtion costs for U.S. 
gavernment sites alone run as bigh as $500 billion. About 15 percent of that figure, of $75 


_ 2s oe we 


billion, represents the price of screening and characterization. Laser meuced Torescena: 


: t } 5 at acd a iy eres ) 
rectmology to detect aromahc hydrocarbons in Situ is now a viabee, field proven, cotmnss oiaiby 
available technology. ROST and related technologies represent « landmark development mi site 


characterization, Exvironmental investigators will be able to find. classity and map the 
distribution of many contaminants in days. Origoing research will be developing techniqurs ta 
detect and monitor contaminants such as Chiormated sclvenrs, metels, end explosives ehh da 
not naturally feoresce. Refining and dJemonstrating these technologies is at the heart of 
characterization, remediation and monitoring, These technologies may determine ifremediation is 
aceded, what remediation technology should be applied, whether the remediation is working, and 
wien the cleanup sffort is complete, all with the minim of risk, time, bebor, and cost. 

; Loral Corp. and it’s partners are now making the ROST system available forhrydrocarbom - 
coutammnated site characterization at both government and commercial sites in North America and 
Europe, ROST can lower the cost of testing from thousands of dollars per bole to just 4 few 
hundred dollars, the site characterization savings in addition to thes shoe of nprerved Site cela Will 


he of great benefit. 


a 
1 goestT™ is a beral pegietered trademark, hereafter referred to as ROST. 
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